• The cardiovascular system is a complex mechanical, chemical, and hemodynamic system in which the variables are interrelated through a variety of feedback mechanisms. Of the various mechanisms that control cardiovascular function, the one that has been most thoroughly investigated is the baroreceptor reflex. The performance of the baroreceptor reflex has been studied previously in preparations in which the feedback path was either intact 1 ' 2 or broken, 3 ' 4 and several models of blood pressure regulation have been proposed. 3 -"• 6 Physiological processes involved in the reflex control of blood pressure (such as sinus and aortic nerve activity, 7 ' 8 changes in cardiac output 9 and peripheral resistance, 9 ' 10 and renal and adrenal hormonal changes 11 ) have been studied individually. But complete, quantitative descriptions of the overall response and of the individual processes are lacking at present.
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Accepted for publication December 1, 1965. matical descriptions, or models, of these systems. 5 ' 12 " 14 The ideal model would consist of direct analogs of each functional unit of the biological system and would correctly interrelate these units. A model which fulfilled these requirements would predict correctly the overall performance of the system and, more importantly from a medical point of view, would reveal how malfunction of one or more of the constituent processes affects this performance. The experimental work presented in this report examines in greater detail the regulation of blood pressure by the baroreceptor reflex. The receptor feedback in anesthetized dogs was broken by surgical intervention, the input (carotid sinus pressure) was controlled experimentally, and simultaneous records of input and output (systemic arterial pressure) were processed. A wide variety of input-output measurements were made; some of the experiments were designed to explore particularly the nonlinear aspects of the reflex. The baroreceptor reflex was defined operationally as those biological processes that collectively caused the systemic arterial pressure to respond to changes in carotid sinus pressure. Changes in arterial pressure due to factors unrelated to changes in sinus pressure were not investigated. All biological feedback loops that were not opened by the experimental procedures were part of the experimentally-defined baroreceptor reflex.
An electronic simulator was constructed to model the input-output behavior of the system and to predict the performance of the reflex over a range of physiologic situations. This model was designed to have the simplest structure that would approximate the experimentally-observed behavior. Some portions of the model were designed to correspond to 674 LEVISON, BARNETT, JACKSON known physiological components of the reflex; others were chosen solely to provide the correct input-output performance.
Methods
Experiments were performed on eight mongrel dogs (weighing 16 to 18 kg) anesthetized with intravenous chloralose (80 mg/kg). Additional anesthetic agent was generally given when the animal developed spontaneous respiratory activity. Heparin was administered to prevent clotting and positive-pressure respiration was applied.
In all experimental preparations the carotid sinus receptors were partially isolated from the arterial circulation. The sinus nerves were kept intact, as were the vago-sympathetic trunks. Feedback through the aortic receptors was interrupted by denervation, as described by Derom. 15 The major vessels denervated were the aortic arch, the brachiocephalic artery, and the common carotid arteries. Denervation was performed under sterile conditions at least two weeks prior to the experiment, and the animal was allowed to recover.
An external perfusion circuit, controlled by means of a pump and a servo-valve, enabled a variety of pressure waveforms to be applied to the carotid sinus. A diagram of the pressure control apparatus appears in figure 1. Both common carotid arteries and the left jugular vein were cut, and the cephalic segments of the carotid arteries were joined by a Y-tube. Blood withdrawn from the cardiac segment of the left carotid was raised to a high pressure by a roller pump. A buffer chamber and a large fixed resistance in series with the pump provided a constant, nonpulsatile flow.
A servo system regulated the pressure in both sinuses by apportioning the pump flow between the sinuses and a shunt path to the jugular vein. An analog of the desired pressure waveform, generated by electronic oscillators, was compared to the output of a transducer monitoring thê . TO R. CAROTID ARTERY
FIGURE 1
Diagram of apparatus used to control carotid sinus pressure.
carotid sinus pressure. The error signal drove a servo amplifier which in turn controlled a variable resistance located in the shunt path. The carotid sinus pressure was monitored via a catheter inserted into the left lingual artery; the right sinus pressure was not monitored. Pressure in the central aorta was measured through a catheter placed in the cardiac segment of the right common carotid. In order to reduce the flow necessary for adequate control of sinus pressure, the external maxillary, internal maxillary, occipital and thyroid arteries were tied. The ligation of these arteries was done in such a way as to avoid damage to the carotid sinus nerves.
The pump flow was determined by the pump speed and the setting of the fixed resistance, both of which were kept constant during each experimental run. The pump speed was fixed, and the resistance was adjusted to provide the minimum flow that would allow adequate control of the carotid sinus pressure. When the flow rate was 300 cc per minute the sinus pressure could generally be varied between a minimum of 50 to 75 mm Hg and a maximum of 125 to 150 mm Hg. The use of the perfusion circuit lowered the mean systemic arterial pressure by about 20 mm Hg as a result of decreasing the amount of blood perfusing the remainder of the arterial system. Since the pump flow was kept constant during each experimental run, it could not directly influence the shape of the arterial pressure response although it did affect the operating point of the system.
The physiological data were processed to reduce the effects of noise, i.e., pressure variations unrelated to the sinus pressure waveform. Noise sources were 1) the pressure pulse, 2) variations caused by respiratory activity, and 3) changes in the physiological state of the animal. The output waveform was filtered to reduce high-frequency (pressure pulse) noise. Successive cycles of data were averaged to reduce the remainder of the noise when the input was a periodic waveform. When the input consisted of one or more sinusoids, Fourier analysis of the averaged data yielded the amplitude and phase of the fundamental component and the amount of harmonic distortion. The number of cycles averaged per datum point (from 4 to 45) depended on the test frequency; more cycles were averaged at the high end of the spectrum.
THE MODEL
The model referred to in this paper is an analog device that was constructed from standard electronic components to simulate the inputoutput behavior of the baroreceptor reflex. Development of the model proceeded simultaneously All references to the model and to data obtained from the model are in terms of analogous physiological dimensions.
The first linear section (unit A) of the model provided high-frequency emphasis. The rectifier (B) yielded zero output for inputs less than X T and had unity incremental gain for inputs greater than X T . Further nonlinearities were included in the second-order system (unit D) in order to simulate the observed nonlinear behavior of the physiological system. Two additional linear networks, C and E, were included to improve the sinewave response of the model. A sign inversion was included to simulate the inverse relationship between sinus and systemic arterial pressures. The parameters of the model were adjusted to simulate the average behavior of all the experimental preparations.
Results
Eight different kinds of input-output measurements were made in order to provide a reasonable basis for the construction of the model. Three of these measurements were concerned with the determination of the relation between carotid sinus pressure and mean systemic arterial pressure. The following parameters of the sinus pressure were varied individually: (1) mean level, (2) the amplitude Mean arterial pressure vs. the amplitude of a sinusoidal input waveform. The physiological response is denoted by x's; the analog response by the smooth curve.
of a sinusoidal variation, and (3) the frequency of a sinusoidal variation. The remaining five types of experiments investigated the response to a relatively small perturbation in carotid sinus pressure. The input perturbations were: (1) a sinusoid, (2) the sum of two sinusoids, (3) a sinusoidal carrier whose amplitude was modulated by a low-frequency sinusoid, (4) a square wave, and (5) a short pulse.
MEAN ARTERIAL PRESSURE
Mean arterial pressure was inversely related to mean sinus pressure. Mean arterial pressure was also a function of the variational components of the sinus pressure. A sinusoid of fixed mean and fixed frequency was applied to the carotid sinus to approximate the physiological pressure pulse. Figure 3 shows that the mean arterial pressure decreased as the amplitude of the sinusoid increased.* These results were expected on the basis of the work reported by Ead et al. 16 who showed in the intact animal that the arterial pressure was inversely related to the sinus pressure pulse.
In another set of experiments the amplitude and the mean of the input sinusoid were kept constant while the frequency was varied. The relation between mean blood pressure and the frequency of the input sinusoid is plotted in figure 4 . The mean arterial pressure of both the animal and the model decreased as the frequency was increased from d-c to 0.5 cycles/sec. As the frequency was further increased, both the arterial pressure and the output of the model exhibited a plateau. In a similar experiment, Scher and Young 3 found results that differed only in that no plateau was observed.
SINUSOIDAL RESPONSE
A linear control system can be completely described by measurements of the sinusoidal gain and phase shift at all frequencies of interest. From the gain and phase curves one can theoretically construct a transfer function to be used in predicting the response of the system, either open loop or closed loop, to any input waveform. Under certain conditions a sinewave analysis of a nonlinear control system in the open loop condition may be used to predict the sinusoidal response of the closed loop system, or to predict whether or not the closed loop system will be stable. In general, however, the sinewave response can not be used to predict the response to some other waveform.
The nonlinear equivalent of the linear transfer function is the describing-function, which relates the magnitude and phase of the fundamental component of the output waveform to the input sinusoid. If the input signal consists of a sinusoid of frequency o> n plus another periodic waveform at a much higher frequency, a relation may be found between the (o a component of the output and the 'Throughout this paper, the term "amplitude" refers to the peak-to-peak variation of an oscillatory waveform, Mean arterial pressure vs. the frequency of a sinusiodal input waveform. The physiological response is denoted by the x's; the analog response by the smooth curve.
co n component of the input. The use of sinusoidal describing functions is discussed further in Appendix B.
Describing function analysis was used to determine the sinusoidal response of the reflex. The carotid sinus pressure waveform was a sinusoid in the range of 0.01 to 0.5 cycle/sec. The describing function relating the sinusoidal component of the arterial pressure to the input sinusoid was displayed as a Bode plot (gain and phase shift versus frequency). A similar analysis procedure was also used to predict the effect of the pressure pulse on the sinusoidal response of the system. A relatively high-frequency sinusoid (about 2 cycles/sec), roughly simulating the pressure pulse, was added to the lower-frequency pressure waveform in the carotid sinus. A describing function was then found which related the lowfrequency component of the arterial pressure waveform to the low-frequency test component of the sinus pressure waveform.
Because of the time required to complete a frequency run, no more than two sets of Bode diagrams were plotted for each animal: one describing the response to a single sinusoid, the other the response to the sum of two sinusoids. The effect of input amplitude on gain and phase shift was not determined.
Both components of the sinus pressure waveform were held at constant amplitude although the amplitude varied among the different animals. The low-frequency amplitude Typical tracings of arterial and carotid sinus pressure obtained in the investigation of the sinusoidal response.
ranged from 5 to 30 mm Hg, whereas the high-frequency amplitude ranged from 25 to 40 mm Hg. The mean sinus pressure was adjusted to equal the mean arterial pressure during each experimental run. (This procedure was also followed when the squarewave and pulse responses were determined).
In all tests performed on the model, the lowfrequency amplitude was 10 mm Hg, and the high-frequency waveform corresponded to a 1.5 cycles/sec sinusoid having an amplitude of 30 mm Hg. Carotid sinus and arterial pressure tracings are shown in figure 5 . The sinus waveform in the left part of the figure is a single sinusoid; the sinus waveform in the right part of the figure is the sum of two sinusoids. A residual pressure pulse of about 5 mm Hg appears in the sinus waveform. In both cases the arterial pressure waveform contains a sinusoidal component correlated with the 0.04 cycle/sec component of the sinus waveform. Note that the amplitude of the 0.04 cycle/sec component of the arterial pressure is reduced by the addition of the high-frequency sinusoid to the sinus pressure waveform. Figure 6 shows the responses of three animals and of the model to low-frequency sinusoids. In keeping with standard control system practice the phase shift has been defined to be zero degrees when the output is exactly out of phase with the input. All phys-
CircuUtion Reiearch, Vol. XVIII, June 1966
iological and model responses showed the following trends: (1) a peak in the gain curve at a frequency between 0.03 and 0.05 cycle/sec, (2) a phase lag of 180° at a frequency between 0.1 and 0.2 cycle/sec, (3) a gain less than unity at the 180° point, (4) an attenuation between 30 and 40 db/decade at higher frequencies, and (5) Bode plots for three animals and for the model. the output waveform in which the falling portion was steeper than the rising portion.
(The sinus pressure contained no measurable distortion.) Maximum sinusoidal gains ranged from 2.0 to 4.4 among the experimental preparations. The addition of the high-frequency sinusoid generally reduced the physiological gain by 20 to 50% but did not alter the contour of the gain curve nor significantly affect the phase shift. The gain of the model was reduced uniformly by about 30%, whereas the phase shift was unaffected.
SINUSOIDALLY-MODULATED CARRIER
In this experiment, the carotid sinus pressure was a 1.5 cycles/sec sinusoid modulated by a low-frequency sinusoid. The peak-to-peak amplitude of the input waveform was thereby slowly varied between 27 and 33 mm Hg. Figure 7 illustrates that application of this waveform to the carotid sinus caused the arterial pressure to fluctuate at the same frequency (0.03 cycle/sec) as the modulating envelope. The model exhibited the same behavior. These results suggest that low-frequency variations in the pulse pressure may contribute to low-frequency variations in the arterial pressure.
SQUARE-WAVE RESPONSE
Square waves of pressure at 0.01 cycle/ sec with an amplitude ranging from 2 to 20 mm Hg were applied to the carotid sinus in the animal experiments. A similar input with an amplitude fixed at 10 mm Hg was used on the model.
Square wave responses from one animal and the model are shown in figure 8 . The response to this input was asymmetric in all animals. The arterial pressure generally contained an overshoot that reached a negative peak 10 to 15 seconds after the rising edge of the input square wave, whereas the falling edge of the input square wave usually produced no overshoot. The negative overshoot was reproducible in any given animal, but varied considerably among the different preparations. The overshoot was sometimes barely detectable; at other times it was as great as the steady-state response. When the carotid sinus pressure decreased, the arterial pressure rose smoothly with a time constant (based Response of arterial pressure to low frequency modulation of high frequency oscillations in the carotid sinus pressure. Response of arterial pressure to a square wave of carotid sinus pressure in the animal and in the model. on two-thirds final response) of 20 to 30 seconds. The square wave response of the model was also asymmetric, although to a lesser degree than the physiological response. Clynes 17 has suggested that biological systems generally exhibit unidirectional ratesensitivity. One of the properties of this type of nonlinearity is that the impulse response is independent of the sign of the impulse. In order to determine the applicability of this hypothesis to the baroreceptor reflex, positive and negative pulses of 25 mm Hg in amplitude were applied to the carotid sinus and to the model. The pulse width of one second was an order of magnitude less than the response time of the baroreceptor reflex. The physiological responses to pulses of like sign were averaged for visual presentation.
PULSE RESPONSE
Physiological and analog responses to positive and negative pulses are shown in figure  9 . The arterial pressure responded similarly to pulses of either sign: the pressure initially fell, reached a negative peak in about 10 seconds, and then rose throughout the remaining inter-pulse interval (100 seconds). The response to a positive pulse was, on the average, about one and one-half times as great as the response to a negative pulse. Although the waveforms of the model responses differed somewhat from the corresponding physiological responses, the model reproduced the following features of the latter: 1) The responses to pulses of either sign were predominantly negative-going and had similar waveshapes, and 2) the response to a positive pulse was about one and one-half times as large as the response to a negative pulse. Since the direction of the response to a short pulse is independent of the direction of the pulse, the reflex may be considered to show some of the characteristics of unidirectional ratesensitivity.
Discussion
The following assumptions were made concerning the behavior of the baroreceptor Response of arterial pressure to short pulses of carotid sinus pressure. The tracings of figures A and B are averages of five successive tracings in the animal. The input pulses (not shown) were applied at t = 0. Figure C shows the input pulses (lower tracing) as well as the responses (upper tracing) in the model. reflex: 1) The system contains no hysteresis. 2) Low frequency variations in arterial pressure that are not directly related to variations in carotid sinus pressure are small and can be effectively reduced through an averaging process. 3) All dogs in like experimental conditions have the same form of system response. That is, the responses are similar enough to warrant generalizations about the behavior of the reflex. Only in this case is it possible to construct a single model with predictive capabilities. The first and third assumptions were verified experimentally. To fulfill the second condition, only those experimental runs which showed relatively repeatable responses were accepted. When the mean arterial pressure suffered a progressive decrease, or when extraneous effects such as Mayer waves were evident, experimentation was discontinued.
The responses of all physical systems, especially biological ones, exhibit saturation. The behavior of a system containing only saturation nonlinearities can often be represented with reasonable accuracy by linear equations when the excitation consists of a relatively small perturbation about a fixed operating point. Therefore, the input variations used in this experiment were of relatively small magnitude in order to investigate the nonlinearities other than saturation. There were, however, limitations to this procedure in that the input variations had to be large enough so that the response could be extracted from this noise.
There was no straightforward method for determining which input waveforms were to be investigated. Some of the measurements, such as the static behavior and the step response, were performed primarily because they are standard ways of investigating a system. Other waveforms, such as the sum of two sinusoids, were suggested by the normal operating conditions of the circulatory system. No statistical analysis of system performance was undertaken, since the difficulty in obtaining a workable preparation and the time required to gather data prevented an investigation of each of the relationships on a large number of animals.
In the ideal situation, a complete set of physiological experiments would be conducted on each of a number of animals. A model of fixed form and adjustable parameters would be constructed. A given setting of the adjustments would simulate the physiological data obtained from a particular animal; the parameters would be readjusted to simulate another preparation. However, since there was no single preparation on which all eight input-output measurements could be made, the parameters of the model were held fixed. This model was not expected to simulate the response to any one waveform as well as a model with adjustable parameters, but was designed to approximate the average behavior of all the experimental preparations.
The combination of units A and B of the model was intended to simulate roughly the response of the carotid sinus pressoreceptors. The step response of this combination is similar to the step response of various mechanoreceptors 8 ' 18 in that 1) the firing rate quickly reaches a maximum and then decays to a steady value in response to a sudden stretch, and 2) in response to a reduction in stretch the output drops to zero, remains there momentarily, and rises to a steady level appropriate to the maintained stimulus level. Units C, D, and E do not correspond directly to specific physiologic processes; they were designed solely to produce an adequate input-output behavior of the model.
Summary
The regulation of blood pressure by the baroreceptor reflex was examined in anesthetized dogs. The receptor feedback path was broken by surgical intervention, the input (carotid sinus pressure) was controlled by an external servo system, and simultaneous records of input and output (systemic arterial pressure) were obtained. A variety of pressure waveforms were applied to the carotid sinus so that the nonlinear behavior could be explored thoroughly. Most of the input waveforms consisted of relatively small signals about an operating point in the normal blood pressure range.
The nonlinear behavior of the reflex was illustrated in a number of ways. Square waves, sinusoids, and short pulses produced asymmetric arterial pressure waveforms. An overshoot in the arterial pressure always followed the rising edge of the input square wave, but was generally absent following the negative-going part of the square wave. Either positive or negative pulses caused a transient drop in arterial pressure. The sinusoidal response was often distorted, with the falling portion of the output waveform steeper than the rising portion. The system behaved as a rectifier, or envelope-detector, as illustrated by 1) the decrease in mean arterial pressure when either the amplitude or the frequency of a sinusoidal input was increased and 2) the appearance in the arterial pressure waveform of a component correlated with the envelope of a modulated carrier. Another nonlinear phenomenon was the decrease in low-frequency sinusoidal gain caused by the addition of a high-frequency sinusoid to the sinus pressure waveform. This behavior indicates that if closed loop behavior in the intact animal is to be predicted from the open loop sinewave response, the effects of the cardiac pressure pulse must be considered.
A model was constructed from standard electronic components to simulate the inputoutput behavior of the baroreceptor reflex. The model was able to simulate the response to high-and low-frequency sinusoids and to reproduce the essential features of the squarewave and pulse responses. On this basis the model was considered adequate for simulating the performance of the baroreceptor reflex in certain open loop and closed loop situations. 
Appendix B SINUSOIDAL DESCRIBING FUNCTION ANALYSIS
A linear control system can be completely described by measurements of the sinusoidal gain and phase shift at all the frequencies of interest. From the gain and phase curves one can construct theoretically a transfer function to be used in predicting the response of the system, either open loop or closed loop, to any input waveform. A sinusoidal analysis applied to a nonlinear system yields a sinusoidal describing function that is analogous to the linear transfer function but has less general applicability. The describing function, which is an open loop measurement, may be used to predict the closed loop sinusoidal response and to determine whether or not the closed loop system will be stable. 10 ' 20 Unlike the linear transfer function, however, the describing function is generally of little value in predicting the response of the system to a waveform that is not sinusoidal.
The sinusoidal describing function relates the magnitude and phase of the fundamental component of the output to the input sinusoid. Since gain and phase shift in a nonlinear system are generally a function of the input amplitude, a graphical representation of the describing function requires a family of Bode or Nyquist plots with input amplitude as a parameter.
The describing function has been extended to apply to the situation in which the input signal is the sum of two sinusoids. 21 Dual-input describing functions relate the appropriate component of the output to one of the input sinusoids. A complete graphical representation requires a family of curves with the amplitude of the test sinusoid and the amplitude and fre-quency of the second sinusoid as parameters. One use of such a dual-input describing function is to predict the sinusoidal response of a nonlinear control system in the presence of self-sustained oscillations.--For a describing-function representation to be meaningful, a sinusoidal input signal must yield at the output a relatively undistorted sinusoid of the same frequency. In the more general case, an input waveform that consists of sinusoid plus a waveform x., (t) should yield an outward waveform that consists of x,, (t) plus a sinusoid of the same frequency (but not necessarily the same amplitude or phase) as the input sinusoid. Although it is not necessary that the input and output waveforms have zero means, they must have identical mean levels. (The input and output must be investigated about the same operating point; otherwise, the closed loop behavior cannot be predicted.)
In the experiment described in this paper, the mean sinus pressure was adjusted so that the mean sinus and mean arterial pressures would be equal. Strictly speaking, the high frequency waveform applied to the sinus should have been made identical to the arterial pressure pulse to insure identical operating conditions at both input and output. It was felt, however, that a high-frequency sinusoid was sufficiently similar to the pressure pulse to indicate the effect of the latter on the low-frequency behavior of the baroreceptor reflex.
